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Induction of lethal mucosal disease (MD) in cattle is linked to the generation of cytopathogenic (cp) bovine viral diarrhea
virus (BVDV) in animals persistently infected with a noncytopathogenic BVDV. In most cases the cp variants are generated
by recombination with cellular or viral sequences. BVDV was obtained from the serum of an MD animal and propagated in
tissue culture without plaque purification. Analysis of cDNA clones established from RNA of these cells showed that
apparently a variety of different viral RNAs were present. Seven of the cDNA clones contained a cellular sequence coding
for light chain 3 (LC3) of microtubule-associated proteins 1A and 1B. This insertion had already been found in the cp virus
JaCP obtained from the same animal and isolated by plaque purification. Analysis of further plaque-purified cp viruses
showed that the diseased animal contained a family of closely related cp BVDV recombinants. A set of viruses with different
duplications of viral sequences in their genomes and a variety of defective viral RNAs with deletions were found that all
contained the LC3* insertion. For all the recombinants the 39 recombination sites and, in all but one case, also the 59
recombination sites between cellular and viral sequence were identical. Variation between the individual deduced genome
structures resulted from different duplications or deletions of viral sequences located upstream of the cellular insertion.
These results suggest that within the animal a primary recombinant with a genome containing the LC3* insertion was
generated. In a trimming process a set of secondary virus recombinants was generated from this hypothetical primary
recombined RNA. These secondary recombinants display genome structures that represent variations of the basic scheme
already present in the primary recombinant. Apparently this trimming process that finally led to an outbreak of MD lasted a
long time since recombined RNA with the basic genome structure of the cp viruses could be demonstrated in samples
already taken a long time before outbreak of the disease. © 2001 Elsevier ScienceINTRODUCTION
Bovine viral diarrhea virus (BVDV), together with clas-
sical swine fever virus and border disease virus of
sheep, belongs to the genus Pestivirus within the family
Flaviviridae (Wengler et al., 1995). A fourth species of
pestiviruses that comprises isolates from cattle and
sheep has been defined (Becher et al., 1995; Pellerin et
al., 1994; Ridpath and Bolin, 1995). The Flaviviridae study
group of the International Committee on Taxonomy of
Viruses has proposed to term this species BVDV-2. Pes-
tivirus particles are surrounded by an envelope and con-
tain a positive-sense single-stranded RNA genome of
about 12.5 kb. The genomic RNA consists of 59 and 39
noncoding regions flanking one long open reading frame
(Baroth et al., 2000; Collett et al., 1988; Deng and Brock,
1992; Meyers et al., 1989a; Ridpath et al., 1994). The
genomic RNA is translated into a polyprotein of approx-
1 To whom correspondence and reprint requests should be ad-
dressed at the Department of Immunology, Federal Research Center for
Virus Diseases of Animals, P.O. Box 1149, D-72001 Tu¨bingen, Germany.
Fax: 149 7071-967303. E-mail: gregor.meyers@tue.bfav.de.
77imately 3900 amino acids. Processing by host- and virus-
encoded proteases leads to the mature virus proteins
arranged in the polyprotein in the order NH2-N
pro-C-Ems-
E1-E2-P7-NS2/3-NS4A-NS4B-NS5A-NS5B-COOH. C, Ems,
E1, and E2 are present in pestivirus virions, whereas the
other polypeptides represent nonstructural proteins
(Meyers and Thiel, 1996; Rice, 1996).
Pestiviruses cause economically important diseases
of farm animals such as classical swine fever and bovine
viral diarrhea. The most severe clinical condition result-
ing from infection with BVDV is called mucosal disease
(MD) (Bolin et al., 1985; Brownlie et al., 1984; Thiel et al.,
1996). The etiology of MD is complicated and relies on
two different biotypes of the virus, namely cytopatho-
genic (cp) and noncytopathogenic (noncp) BVDV. In a first
step intrauterine infection with a noncp BVDV occurs and
leads to induction of specific immunotolerance and birth
of persistently infected calves. Early in life such animals
frequently go down with MD; the disease is either in-
duced by superinfection with an antigenetically closely
related cp BVDV or by de novo generation of a cp mutant
of the persisting noncp virus (Bolin et al., 1985; Brownlie
et al., 1984; Moennig et al., 1990; Moennig and Plage-
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78 FRICKE, GUNN, AND MEYERSmann, 1992; Thiel et al., 1996). The switch from a noncp
to a cp phenotype is in most cases the result of RNA
recombination (reviewed in Ku¨mmerer et al., 2000; Mey-
ers and Thiel, 1996). Recombination can occur between
the noncp BVDV genome and RNAs of viral or cellular
origin. The recombined RNAs can contain internal dele-
tions resulting in the formation of defective interfering
particles (DIs). Alternatively, additional sequences that
represent duplicated viral RNA or cellular sequences are
integrated, sometimes flanked by viral duplications. So
far, six types of cellular sequences have been identified
in pestiviral RNAs, which code for ubiquitin, different
ubiquitin-like proteins, a protein of unknown function
termed cINS, or part of light chain 3 (LC3) of microtubule-
associated proteins 1A and 1B (Baroth et al., 2000;
Becher et al., 1996, 1998, 1999; Ku¨mmerer et al., 1998;
Meyers et al., 1990, 1998; Qi et al., 1992, 1998). The latter
insertion was termed LC3* and was found in the genome
of BVDV JaCp, a virus isolated from a persistently in-
fected castrated steer named Jasper that was housed
under isolated conditions from the age of 1 until he
developed MD over 2 years later (Gunn and Weavers,
1992; Meyers et al., 1998).
It has been suggested that the outbreak of MD occurs
when a cp virus is generated in the persistently infected
animal. This cp virus apparently has to fulfill certain
requirements like displaying a significant advantage
compared to the persisting noncp virus (Thiel et al.,
1996). The identification of a large variety of recombined
viral RNAs within persistently infected calves showed
that RNA recombination represents a continuous pro-
cess within these animals (Desport et al., 1998). Most of
the recombination reactions will not lead to a viable virus
and the generation of a viable cp virus is even more
unlikely. Recently, analysis of material obtained during an
outbreak of MD revealed that viral RNAs with different
internal deletions could be isolated from single animals
that came down with the disease (Becher et al., 1999).
Since in other cases only one pair of biologically cloned
cp and noncp viruses has been analyzed at the genome
level it is not clear whether MD animals usually contain
only one cp BVDV or a variety of such viruses that could
either be generated in independent recombination
events or result from an evolutionary process starting
with one primary recombinant. To investigate this issue
we analyzed the primary isolate obtained from Jasper for
the presence of different viral RNAs and viruses. These
studies revealed that JaCP represents only one member
of a family of cp viruses with recombined genomes that
obviously are variants of a common basic structure. In
addition, we tested serum samples taken a long time
before onset of MD for the presence of the recombined
RNA and found evidence for the presence of recombined
RNA with the basic structure of the cp virus genomes
long before outbreak of the disease. We present here for
the first time a detailed analysis aiming at the demon-stration of the presence of different autonomously repli-
cating cp viruses in material derived from one MD ani-
mal. Moreover, Jasper represents the first case of MD for
which samples obtained a long time before outbreak of
the disease were analyzed for the presence of recom-
bined viral RNA displaying the features of the cp virus
that in the end induced the disease.
RESULTS
Analysis of BVDV RNA present in a primary virus
isolate obtained from an MD animal
We have reported in a previous paper on the charac-
terization of a pair of noncp and cp BVDV named JaNCP
and JaCP, respectively, that was isolated from the serum
of Jasper after the development of MD (Meyers et al.,
1998). JaNCP and JaCP were biologically cloned from a
primary virus stock generated by cocultivation of a serum
sample with MDBK cells. At that time only 1 cp and 1
noncp virus clone were purified and analyzed since it
was believed that only one virus of each biotype was
present in an MD animal. However, later on further anal-
yses indicated that more viruses with recombined ge-
nomes could have been present within the animal. To
investigate whether our primary virus stock indeed con-
tained different recombined viral RNAs of putative cp
BVDV, we established a cDNA library with RNA purified
from cells infected with the uncloned material. Among 16
clones derived from the NS2-3 coding region of the viral
genome 7 were most likely derived from recombined
TABLE 1
Characteristics of the Inserts Present in cDNA Clones Derived
from Putative Recombined Viral Genomes Present in the Uncloned
Virus Stock Established from the Serum of Jasper
cDNA
clone
Actual insert
length
Insert 59
end
Insert 39
end
Theoretical
insert length
pJa21 2.5 kb 15 6007 5.992
pJa28/2 2.0 kb 2926 5781 2.855
pJa5 2.5 kb 5319 5245 20.074
pJa9 3.3 kb 5347 5875 0.528
pJa13 2.6 kb 6718 6585 20.133
pJa16 2.8 kb 8268 6279 21.989
pJa17 2.2 kb 7210 6282 20.928
Note. In column 2 the actual size of the cDNA insert as determined
by agarose gel electrophoresis is given, whereas a theoretical insert
size can be calculated from the genomic positions of the insert termini
given in columns 3 and 4. The nucleotide positions are based on the
published sequence of noncp BVDV SD1, which does not contain
insertions, duplications, or deletions (Deng and Brock, 1992). Typical
characteristics of the recombined sequences are represented by con-
siderable differences between the actual and the theoretical sizes of
the inserts. Lower or even negative values for the calculated insert
sizes indicate the presence of insertions or duplications, whereas a
theoretical insert size exceeding the observed value is typical for a
sequence with a deletion.
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clone pJa21 was found to contain an internal deletion.
This deletion (nucleotide 1165 to 5001 of a noncp BVDV
genome) included the glycoprotein genes, the sequence
coding for p7, and the major part of the NS2 gene (Fig. 1).
In contrast to formerly identified pestivirus DIs (Kupfer-
mann et al., 1996; Tautz et al., 1994) but similar to the
sequences described by Becher et al. (1999), the cDNA
fragment contained a nonviral sequence inserted at a
position corresponding to nucleotides 5152/5153 of a
regular BVDV genome. This inserted element is identical
to the LC3* insertion identified before in JaCP except for
two nucleotide exchanges. Downstream of the LC3* in-
sertion the 59 end of the NS3-coding region is found in
both pJa21 and JaCP (Ku¨mmerer et al., 1998; Meyers et
al., 1998). Thus, the recombined sequences found in
pJa21 and BVDV JaCP represent variants of a basic
structure that consists of the LC3* insertion fused at both
sides with viral sequences. Upstream of LC3* the 39
FIG. 1. Putative genome structures of the defective viruses VpJa21 an
On top, a noncp BVDV genome is schematically indicated together wi
structural protein coding region, and the part coding for NS2-3 (NS2, d
the last nucleotide of the NS2 gene and the first nucleotide of the NS3
JaCP RNA (Meyers et al., 1998) is represented. Crosshatched bar, host
as the region flanked by F2 and A. For the two defective viral genome
indicated and for VpJa28/2 the location of a second deletion that encom
gives the genomic positions with regard to the noncp BVDV SD1 sequ
genome structure of the cp viruses derived from Jasper is demonstrate
in Figs. 2, 3, and 4.terminus of the NS2 coding region is found and LC3* is
fused at its 39 end with the 59 end of the sequencecoding for NS3. The difference between the structures of
pJa21 and the JaCP genome concerns only the region
located upstream of the NS2-coding part of this central
element where a large deletion of viral sequences is
found in pJa21, whereas duplicated viral sequences cod-
ing for NS3 and part of NS4 are present in the JaCP
genome (Fig. 1). All the different genome structures pre-
sented later on in the text represent variants of this basic
structure, and in all cases the differences are due to
variation with regard to the recombination position clos-
est to the 59 end of the genome. Thus, the differences
concern only the length of the NS2-coding fragment
upstream of LC3* and the genomic position to which this
NS2-coding fragment is fused. The conserved basic
structure is indicated in the figures by the demonstration
of LC3* flanked by residues of the viral genome denoted
“A” and “B” that represent the 39 end of the NS2- and the
59 end of the NS3-coding regions, respectively.
Clone pJa28/2 differs from pJa21 with regard to only
28/2 as deduced from the analysis of cDNA clones pJa21 and pJa28/2.
ale in kilobases (kb). the locations of the Npro gene (checked bar), the
ded bar; NS3, light-shaded bar) are indicated. A and B correspond to
region, respectively. Below the noncp genome the organization of the
rived LC3* insertion. The sequence from B to C5 is duplicated as well
ocations of the deletions (flanked by E1/F6 or E2/F7, respectively) are
s one nucleotide of the NS3 gene is shown (D1N). The box on the right
eng and Brock, 1992). Below the horizontal line the conserved basic
that this structure is also found in the sequence arrangements shownd VpJa
th a sc
ark-sha
-coding
-cell-de
s the l
passe
ence (D
d. Notethe length and location of the deletion, which is consid-
erably smaller in pJa28/2 (nucleotides 3683 to 5047) (Fig.
e legen
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a frame shift, but for pJa28/2 a further deletion of 1
nucleotide was identified in the NS3 gene, indicating that
this cDNA fragment might be derived from a nonfunc-
tional recombinant.
The other five cDNA clones derived from putatively
recombined viral RNA showed typical characteristics of
sequences with large duplications as found in other
cases before (Meyers et al., 1991, 1992, 1998; Qi et al.,
1992) (Table 1). The genome structures deduced after
sequencing the cDNA inserts of these clones were ba-
sically the same as that found for BVDV JaCP with a large
fragment of duplicated RNA of 2.5 kb or more that pre-
cedes the conserved block of sequences coding for part
of NS2, LC3, and NS3 characteristic of the basic struc-
ture described above. The duplicated NS2 fragments
fused to LC3* vary from 23 to 530 nucleotides, and the
large duplication containing the NS3-coding region en-
compasses 2321 to 4344 nucleotides (Fig. 2). The cDNA
clone pJa16 was apparently derived from an RNA that
contained the largest duplication found so far in a pes-
tivirus genome with a putative large duplication of more
than 3.8 kb. Together with the duplicated part of the NS2
gene and the LC3* insertion the corresponding viral
genome should contain 4692 additional nucleotides,
FIG. 2. Genome structures of the viruses, from which the cDNA clo
sequence data of the cDNA clones. For further information see also th
pJa13 were derived are apparently identical to that of JaCP.which is more than 500 nucleotides longer than CP6, the
BVDV with the largest genome so far.Plaque purification of viruses and genome analysis by
RT-PCR
The analyses described above showed that the RNA of
tissue culture cells infected with the primary stock ob-
tained from Jasper contained an entire set of recombined
molecules. To further investigate whether such RNA mol-
ecules represent the genomes of replication-competent
viruses we tried to biologically clone different cp viruses
and to analyze their genome structures. To be able to
obtain defective cp viruses in addition to autonomously
replicating BVDV we tried to propagate material isolated
from cp plaques using either cells that were previously
infected with a noncp helper virus or uninfected cells.
Two isolates, C6 and C8, were cp only when helpervirus-
infected target cells were infected. In a Northern blot
with a BVDV probe, signals were obtained for these
isolates that indicated the presence of RNAs of sub-
genomic length in addition to full-length BVDV genomic
RNA (data not shown; Table 2). The other isolates were
cp without the need for a helper virus. Northern blots
indicated the presence of RNAs larger than a noncp
BVDV genome (Table 2). Isolates C1 and C2 showed
bands of subgenomic length in addition to molecules
larger than 12 kb, and isolates A7, B8, D4, and D7
a5, pJa9, pJa13, pJa16, and pJa17 were derived as deduced from the
d to Fig. 1. Note that the genomes of the viruses from which pJa9 andnes pJshowed a smear, which made it impossible to decide
whether smaller RNAs were present. Signals in the size
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all isolates when a probe directed against LC3* was
used for hybridization (data not shown).
Further analysis was done with a reverse transcription
PCR assay. To verify that all cp isolates contained ge-
nomes with LC3* and to see whether all genomes dis-
played the conserved features of the basic structure, an
RT-PCR assay system that was based on three primer
combinations was established. Primer OI-JasIns2 has
positive polarity and is specific for LC3*. Since the fusion
of the 39 end of the LC3* insertion with NS3-coding
sequences was apparently conserved, we used OI-
B22.1R (reverse of the BVDV genome between positions
TABLE 2
Characteristics of the cDNA Fragments Amplified by RT-PCR from
Different Virus Isolates Obtained from the Primary Stock
Isolate Northern
RT-PCR
OI-B32II/
OI-JasIns1
OI-BVDV32/
OI-JasIns1
C1 a, c (b) 1
C 1.2 ca. 500 bp
1
C1.1 ca. 580 bp
C2 b, c 1
C2.2 ca. 650 bp
1
C 2.1 ca. 630 bp
C6 a, c n.d. 1
C 6.1 ca. 400 bp
C 6.2 ca. 300 bp
C 6.3 ca. 250 bp
C8 a, c 2 1
C 8.1 ca. 450 bp
C 8.2 ca. 550 bp
C 8.3 ca. 1300 bp
A1 b 1 ca. 650 bp 2
A2 b 1 ca. 500 bp 2
A3 b 1 ca. 550 bp 2
A4 b 1 ca. 800 bp 2
A5 a, b 1 ca. 2800 bp
1 ca. 650 bp
2
A7 b (c) 1 ca. 820 bp 2
B8 b (c) 1 ca. 650 bp 1 ca. 250 bp
D4 b (c) 1 ca. 950 bp 2
D7 b (c) 1
D 7.2 ca. 720 bp
1
D 7.1 ca. 250 bp
Note. The second column summarizes the results of the Northern
blot analyses: a, detection of a band of about 12.5 kb; b, a band
significantly above 12.5 kb; and c, a band significantly below 12.5 kb; (b)
or (c) indicates that the respective bands were not clearly detectable
because of smear or low intensity. The two columns on the right
summarize the results of the RT-PCR with different primer pairs. In both
columns 1 and 2 indicate the presence or absence of specific bands
after amplification. The size of the amplified fragments are given to-
gether with a designation. Note that all isolates gave positive results
with primer pair OI-JasIns2/OI-B22.1R and the respective amplified
fragments had the same sizes for all viruses. This finding already
indicated the presence of the conserved fusion of the 39 end of LC3*
with the 59 end of the NS3-coding region typical of the basic structure
of the cp viruses analyzed here.5183 to 5203) as a primer together with OI-JasIns2. OI-
JasIns1 also binds within the LC3* insertion but hasnoncoding orientation. Because of the expected variabil-
ity of the crossing-over sites located upstream of the
cellular insert, OI-JasIns1 was combined in PCRs either
with OI-BVDV32 or OI-B32II (positions 364–388 or 6976–
6996 of a noncp BVDV genome in coding orientation). In
combination with OI-BVD32 the amplification of se-
quences from defective genomes with large deletions
could be expected, whereas PCR with OI-B32II was used
for detection of viral RNA with duplication of the NS3
coding region as found in JaCP.
As expected, RT-PCR with the primer pair OI-BVDV32
and OI-JasIns1, which was chosen for detection of ge-
nomes with internal deletions, resulted in amplification
products for C6 and C8, the two cp isolates dependent
on a noncp helper virus. In addition, amplification prod-
ucts were obtained for isolates B8, C1, C2, and D7. Thus,
not only isolates C6 and C8, but also B8, C1, C2, and D7
must represent mixtures of nondefective and defective
viruses (see also Table 2, second column).
For isolate C8 fragments of 450, 550, and 1300 bp were
amplified, indicating the presence of three different de-
fective viruses that were termed JaC8.1, JaC8.2, and
JaC8.3, respectively. Sequencing of the JaC8.3 amplifica-
tion product revealed again a genome organization with
the basic structure of the recombined RNAs and a dele-
tion encompassing nucleotides 416 to 6472 (Fig. 3).
Similar structures were also found for the other ampli-
fication products derived from isolate C8 (putative vi-
ruses JaC8.1 and JaC8.2). Moreover, isolates C1 and C2
contained RNAs that were organized equivalently. Since
C1 and C2 also contained viral RNAs with duplications
(see below) the putative viruses with the genomes con-
taining the deletions were termed JaC1.1 and JaC2.1,
respectively. Despite the overall similarity between these
amplicons, the exact borders of the deletions and the
lengths of the NS4- and NS2-coding fragments preced-
ing LC3* varied (Fig. 3).
From isolate C6 again three different fragments were
amplified that were apparently derived from the RNAs of
three different defective viruses (JaC6.1, JaC6.2, and
JaC6.3). The genomes of the former two viruses differ
from those described above by the absence of NS3/NS4-
coding sequences upstream of the central fragment
composed of the truncated NS2 and LC3* (Fig. 3). Among
JaC6.1 and JaC6.2 differences that concern once more
the length and location of the deletion were observed. In
the case of JaC6.2 the Npro-coding region is only 42
nucleotides long and the NS2 fragment is reduced to just
one codon. Nevertheless, the positions at which the
NS2-coding sequences were fused with the LC3* inser-
tion were exactly the same in all cases.
The cDNA fragments derived from the putative defec-
tive viruses JaB8.1, JaC6.3, and JaD7.1 were found to be
identical, and only JaB8.1 is specified in Fig. 3. The virus
genome, from which this fragment was derived, displays
a unique structure with a direct fusion of an Npro-coding
y are d
ions. Fo
82 FRICKE, GUNN, AND MEYERSfragment and a shortened LC3* insertion. The genome of
JaB8.1 represents the only RNA identified in the material
derived from Jasper that contains a truncated version of
the LC3* insertion (Fig. 3). Nevertheless, it also displays
the conserved fusion of LC3- and NS3-coding sequences
and therefore represents another variant of the basic
structure with a deletion affecting also part of the con-
served element.
Including isolates B8, C1, C2, and D7, 11 autonomously
replicating cp BVDV were isolated from the primary
stock. In Northern blots BVDV RNA considerably larger
than 12 kb was found for all these viruses except for C1,
which gave a doubtful result (Table 2). The genomes of
these viruses most likely contained large duplications of
viral sequences similar to those found in the RNA of
JaCP. As expected, RT-PCR with primers OI-JasIns1 and
OI-B32II resulted in fragments of different sizes (Table 2).
After nucleotide sequencing the putative genome struc-
tures of the corresponding viruses could be deduced. All
the amplicons were derived from RNAs that represent
variants of the basic structure. The LC3* insertion and
the exact positions of its fusion with NS2- and NS3-
coding sequences were conserved in all cases (Fig. 4).
Variation is due only to different sequences at the cross-
ing-over position closest to the 59 end of the genome,
which results in different lengths of both the duplicated
FIG. 3. Reconstructed genome structures of the defective viruses is
Jasper. The different genomes are presented in the same order as the
denoted GX, whereas EY marks the last residue upstream of the deletNS2-coding sequences and the flanking duplications en-
compassing the NS3 gene (Fig. 4). The length of theduplicated NS2 element varies from 24 to 288 nucleo-
tides (JaA2 and JaA7, respectively) and the large dupli-
cations ranging from 2319 to 2715 residues all encom-
pass a complete NS3 and a truncated NS4 gene.
A Northern blot with RNA of cells infected with isolate
A5 revealed the presence of two different viral RNAs of
about 12 and 17 kb, respectively (Table 2). Attempts to
separate the two putative viruses by further plaque pu-
rification failed. After RT-PCR with primer pair OI-JasIns1/
OI-B32II, two different fragments were found and se-
quenced. The smaller fragment was apparently derived
from a genome that was identical with that of JaCP within
the analyzed region. The larger fragment corresponded
to a sequence arrangement that had already been found
before in the cDNA fragment pJa16. It might be that the
two viruses present in isolate A5 are both defective for
some reason and therefore cannot be separated by
plaque purification. One indication for this idea is the fact
that we did not find two bands above 12.5 kb in the
Northern blot as could be expected according to the
RT-PCR data. However, the exact reasons for the finding
remain obscure.
Analysis of the sequences at the recombination sites
It has been shown for other positive-strand RNA vi-
from the primary virus stock that was established with material from
escribed in the text. The nucleotides at the 39 end of the deletions are
r further information see also the legend to Fig. 1.olatedruses that homology between the two parental RNAs at
the crossing-over site facilitates recombination. This has
ck Jasp
urther
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hybridize to part of the new template thereby generating
a base-paired primer for continuing synthesis (Agol,
1997; Becher et al., 1999; Bujarski et al., 1994; Li and Ball,
1993; Monroe and Schlesinger, 1984; Nagy and Simon,
1997; White and Morris, 1994, 1995). To investigate the
issue for the different Jasper recombinants the se-
quences found at the sites where viral RNA had been
fused were compared with the parental viral sequences.
For this purpose, the sequences determined during our
analyses were assembled into a continuous sequence
without deletions, duplications, or insertions. Sequence
comparisons conducted during earlier work (Meyers et
al., 1998) showed almost 100% sequence identity be-
tween corresponding parts of the cp and noncp se-
quences and therefore the approach using the already
existing sequence information seemed justified. For
some recombinants the analyses revealed that se-
quences were present for which it was impossible to
decide whether they belonged to the 59 or 39 recombined
RNA. As shown with the triple alignments in Fig. 5 these
homologies encompassed one to seven nucleotides. In
some cases short overlaps at the actual recombination
site were flanked by additional stretches of homology
either upstream (JaC8.3) or downstream (JaA3) of the
recombination site. However, in other cases no homol-
ogy was found. Importantly, this was also the case for the
recombination sites at which the viral and the LC3*
FIG. 4. Genome structures deduced from the RT-PCR fragments esta
primary virus stock that was established with material from the bullo
duplications of viral sequences flanked by B and Cx or Fy and A. For fsequences were fused as could be determined after
analysis of the bovine LC3 sequence (data not shown).Table 3 summarizes the results of the sequence com-
parison showing that 17 of 25 analyzed recombination
sites display homology between the recombined se-
quences, but in 8 of the 17 positive cases the homolo-
gous sequence consists of only one nucleotide. Thus, it
could be that the recombination in pestiviruses is indeed
facilitated by short stretches of homologous sequences
but such similarity probably does not represent a strong
bias for selection of a certain recombination site. The
striking conservation of the utmost 39 recombination po-
sition found for many cp BVDV which exhibit basically
different genome alterations is most likely not due to
such a base-pairing mechanism but could result from
simple selection of functional cp viruses (Baroth et al.,
2000; Kupfermann et al., 1996).
Identification of recombinants in serum samples
obtained prior to MD development
Jasper was housed under isolated conditions from
February 1987 until November 1989 when he developed
MD and had to be put down. During that time, serum
samples were collected and stored at 270°C. We were
interested to find out whether recombinants were al-
ready present before the outbreak of MD. A nested
RT-PCR with primers specific for the fusion of LC3- with
BVDV NS3-coding sequences was established. RNA for
RT-PCR was prepared directly from the serum samples
d for the putatively autonomously replicating viruses isolated from the
er. Note that all the genome structures presented here contain two
information see also the legend to Fig. 1.blishederived from Jasper or from calves free of BVDV that
served as negative controls. Specific bands with the size
derived from a virus with a duplication equivalent to that in BVDV JaCP. (u)
indicates that the upstream recombination site in JaC8.3 is shown here.
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LC3*- with NS3-coding sequences could be identified in
4 of 8 samples derived from the persistently infected
animal but not for the negative controls (Fig. 6). Nucleo-
tide sequencing demonstrated the fusion of the two dif-
ferent parts at positions found conserved in all different
variants detected in the diseased animal as described
above. Since such fragments composed of the two dif-
ferent sequences were never amplified from a total of 16
independent control samples that were processed in
parallel with the Jasper samples, it is obvious that re-
combinants containing the fusion of LC3- and NS3-cod-
ing sequences characteristic of the basic structure of all
the recombinants derived from Jasper so far were al-
ready present within the animal at least 1 year before the
outbreak of MD.
DISCUSSION
The development of mucosal disease in cattle has
been recognized as a phenomenon for a long time.
Detailed analysis of material derived from single animals
that came down with the disease and from members of
herds with outbreaks of MD revealed two basic features
important for this disease, namely (i) the persistent in-
fection of calves with a noncp BVDV as a prerequisite for
the disease and (ii) the presence of a cp BVDV in addi-
tion to the persisting noncp virus at the time the disease
symptoms showed up. From animals suffering from MD
cp and noncp BVDV were isolated, biologically cloned,
and then used for experimental reproduction of the dis-
ease and virus characterization (Bolin et al., 1985; Brown-
lie et al., 1984; Corapi et al., 1988; Meyers and Thiel,
1996; Moennig and Plagemann, 1992; Thiel et al., 1996).
The analyses revealed that cp and noncp viruses from
one animal, a so-called virus pair, are closely related,
indicating that the cp virus represents a mutant of the
noncp virus. Different mutations, like a set of point mu-
tations, rearrangements of viral sequences, or insertions
of cellular sequences, sometimes accompanied by large
duplications of viral sequences, were found to be spe-
cific for viruses with a cp phenotype (Ku¨mmerer et al.,
2000; Meyers and Thiel, 1996). Analysis of viral RNA
isolated from material derived from persistently infected
calves before an outbreak of MD showed that apparently
a large number of different rearranged viral sequences
were present within the animals (Desport et al., 1998).
Based on these data the following model for the devel-
opment of MD could be proposed: the noncp virus rep-
licates at constantly high rates within the persistently
infected animal. During replication numerous recombi-
nation events occur with both cellular and viral RNA.
Most of the recombination products will represent defec-
tive genomes. At a very low rate, recombinant RNAs willFIG. 5. Comparison of donor and acceptor sequences at the crossover
sites present in selected recombinant RNAs. The recombined sequences
(middle rows) were compared at the crossover sites with a sequence without
rearrangements (upper and lower rows) assembled from the sequences
determined for the different cDNA fragments during the work on this project.
Homology at the crossover sites is indicated by a shaded box, whereas
considerable sequence similarity farther upstream or downstream is
marked by outlined boxes. For JaC6.1 one codon at the crossover site that
shows no homology to either of the given putative parental sequences is
highlighted. This codon represents most likely a residual fragment of an
NS4-coding sequence and indicates that the defective virus JaC6.1 wasbe generated that are able to replicate autonomously or
can at least be replicated when the persisting progenitor
85BVDV RECOMBINANTS IN BOVINE MUCOSAL DISEASEvirus is present as a helper virus. As a rare result of the
“productive recombination,” a cytopathogenic variant of
the virus is generated, which apparently has consider-
TABLE 3
Homology between Donor and Acceptor Sequences at the
Crossover Sites Present in the Different Recombinant RNAs
Name
Overlap at
crossover site
Upstream
homology
Downstream
homology
JaCP (pJa9, 13)
pJa5 2 2 2
pJa17 1 2 2
pJa16 7 2 2
pJa21 0 2 2
pJa28/2 2 2 2
JaA2 2 2 2
JaA3 4 2 1
JaA4 0 2 2
JaA7 2 2 2
JaB8.1 6 (7) 2 2
JaC1.1(u) 1 2 2
JaC1.1(d) 1 2 2
JaC1.2 1 2 2
JaC2(u) 1 2 2
JaC2(d) 1 2 2
JaC6.1 0 2 2
JaC6.2 1 2 2
JaC8.1(u) 2 2 2
JaC8.1(d) 0 2 2
JaC8.2(u) 0 2 2
JaC8.2(d) 0 2 2
JaC8.3(u) 1 1 2
JaC8.3(d) 2 2 2
JaD4 0 2 1
JaD7.2 0 2 2
JaNCP/LC3 (d) 0 2 2
Note. For some of the defective genomes two recombination sites
were analyzed with (u) and (d) representing the upstream and down-
stream crossing over sites, respectively. The value 6(7) for JaB8.1
means that six nucleotides of a stretch of 7 were identical. See also
legend to Fig. 5.
FIG. 6. Agarose gel with cDNA fragments amplified from serum sam
The dates of sampling are indicated. Serum samples from different unin
On the left the sizes of three marker bands are given in kilobases. Weak band
proved to be nonspecific after DNA sequencing.able advantages for replication in the animal. Such a cp
variant is therefore selected from the pool of recombi-
nants and after a certain time of replication induces MD
followed by death of the animal. This model suggests a
linear development starting with the generation of a cp
virus and ending with outbreak of the disease and thus
mutually implies that only one cp virus is present in an
animal that comes down with MD or that at least one cp
virus wins the race and is present with overwhelming
predominance. The data we report here do not rule out
such a scenario for some of the animals that develop MD
but we show that it does not have to be this way. The
initial process leading to the death of Jasper could have
been according to the hypothesis described above. How-
ever, the hypothetical primary recombinant containing
the cellular LC3-coding sequence was then changed by
further recombination and gave rise to a set of cp virus
variants. The fact that all the recombined RNAs identified
during the present study represent variants of just one
basic genome structure with an LC3* insertion flanked
by NS2- and NS3-coding sequences represents a strong
argument for such a model based on one primary recom-
binant instead of independent recombinations between
cellular and viral sequences.
The idea of the generation of one primary recombinant
is supported by consideration with regard to the mech-
anism of the RNA recombination. According to the most
widely accepted model RNA recombination results from
template switching of the viral RNA polymerase during
genome replication (Agol, 1997; Jarvis and Kirkegaard,
1991; King et al., 1987; Kirkegaard and Baltimore, 1986;
Lai, 1992; Lazzarini et al., 1981; Monroe and Schlesinger,
1984; Nagy and Simon, 1997; White and Morris, 1994,
1995). The recombination between cellular and viral RNA
has to occur during negative-strand synthesis since the
cellular mRNA is present only in coding orientation. Ex-
cept for the defective virus JaB8.1, at least three switches
would be necessary to obtain the observed RNA mole-
ken from Jasper prior to the onset of MD (eight lanes from the right).
calves served as controls (six lanes from the left). M, DNA size marker.ples ta
fecteds of different sizes sometimes visible in the negative control samples
zed ne
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nomes without deletions these switches would have to
occur (i) from the 59 end of the NS3 gene to the 39 end of
the LC3* sequence, (ii) from the 59 end of the LC3*
sequence to the 39 end of the NS2-coding region, and (iii)
from variable positions within the NS2 gene to variable
sequences downstream of position 7400 of a standard
BVDV genome (Fig. 7). Some of the defective viruses
would require a fourth recombination step to introduce
the deletion, whereas for others the deletion could be
introduced during the third switch, which in these cases
has to occur from the NS2 gene to a position within the
59 quarter of the genome (Fig. 8). Because of this com-
plex mechanism the independent generation of the dif-
ferent genome structures has to be regarded as highly
unlikely. The model relying on a primary recombinant
would mean that a viral genome with an LC3* insertion
has to be generated in the first step in a process requir-
FIG. 7. Schematic drawings indicating how different genomes with du
in coding orientation is represented by bars, whereas newly synthesi
switches. For further information see also the legend to Fig. 1.ing two template switches (Fig. 7). Since this RNA con-
tains all the cis-acting sequences of a pestivirus genomeit could be replicated by the viral proteins and later on
serve as a basis for further recombination. A set of
secondary recombinants could then be generated in
individual recombination events, each requiring just one
template switch between viral sequences (Fig. 7). These
secondary recombinations could represent intramolecu-
lar or intermolecular reactions and could occur during
positive- or negative-strand RNA synthesis. The rather
high concentration of substrates for these reactions and
the apparent flexibility with regard to leaving positions in
the NS2 gene and the possible target sequences would
make such recombinations rather likely.
The defective viral genomes identified in our analyses
could be obtained by a further template switch that
introduces the deletion by either an intramolecular or an
intermolecular recombination (Fig. 8). The starting point
for generation of these RNAs could again be the primary
recombinant or one of the viral genomes generated by
ns could have been generated by a template switch mechanism. RNA
gative-strand RNA is shown as black lines. Arrows indicate templateplicatiothe secondary recombination. The latter possibility is
more likely for the defective genomes deduced for JaC2.1,
87BVDV RECOMBINANTS IN BOVINE MUCOSAL DISEASEJaC8.1, JaC8.2, Ja8.3, and JaC1.1, whereas the proposed
RNA structures of VpJa21, VpJa28, JaC6.1, JaC6.2, and
JaB8.1 could be obtained from the hypothetical primary
recombinant by one template switch.
To our knowledge, Jasper represents the first MD
animal from which a survey of samples obtained a long
time before outbreak of the disease has been obtained.
Similar sets of samples are simply not available for other
appropriate cases of MD, and thus our results allow a
unique view of what is going on in an animal over a long
period of persistent infection that finally ends with the
outbreak of MD. Surprisingly, hints of the presence of
recombined RNA composed of sequences derived from
the LC3 mRNA and the BVDV genome were found al-
ready 1 year before signs of MD were detected. This
finding cannot be due to PCR contamination since all
FIG. 8. Schematic drawing indicating how different genomes with
deletions could have been generated by only one template switch
starting with one of the secondary recombinants that represent the
products of the reaction presented in Fig. 7. Two recombination mech-
anisms based on either intermolecular or intramolecular template
switches are shown. RNA in coding orientation is represented by bars,
whereas newly synthesized negative-strand RNA is shown as black
lines. Arrows indicate template switches. Note that the defective RNAs
can also be generated from, i.e., the hypothetical primary recombinant.
For some of the defective viral genomes presented above a reaction
starting with the primary recombinant would require more than one
template switch. For further information see also the legend to Fig. 1.control samples were negative and another BVDV with
LC3 sequences in its genome was not present during thetime when the serum samples were handled in the lab in
Ireland. The fact that only 50% of the samples shown in
Fig. 6 were positive is most likely due to the detection
limits of the test system and not to the absence of
recombined sequences. Analysis of a second set of
samples that contained a serum collected almost 2 years
before onset of MD indicated that the recombined se-
quences were already present more than 2 years before
the animal had to be put down. For this set, six of six
tested samples were found positive (dates 12/21/87, 3/7/
89, 8/28/89, 9/26/89, 10/9/89, and 10/23/89; data not
shown). The more efficient detection of the recombined
sequences in this experiment was most likely due to the
fact that these serum samples were not inactivated after
preparation, whereas the samples used for the analysis
shown in Fig. 6 were incubated at 56°C for 1 h prior to
freezing. Such an inactivation step will certainly not only
destroy virus particles but also lower the amount of
nondegraded viral RNA in the sample. Since the avail-
able amounts of the not inactivated samples were not
sufficient to allow reproduction of the experiments the
results obtained for these samples cannot be proven by
further tests. Attempts to isolate BVDV from the small
aliquots of serum that were not inactivated failed and
also RT-PCR assays aimed at amplification of large
cDNA fragments from serum samples that could prove
the presence of the proposed primary recombinant were
not successful probably because of the low RNA content
and poor RNA quality of the samples. Thus, the existence
of the primary recombinant can be concluded only from
the structure of the recombinant genomes. However, the
analyses of the serum samples clearly show that recom-
bined sequences were present long before outbreak of
the disease.
The amplified sequences showed the conserved ar-
rangement of the 39 end of the LC3* insertion fused to
the 59 end of the NS3-coding region. This finding again
argues in favor of the model with the primary recombi-
nant as a starting point for further recombination. The
most interesting question resulting from our findings is
why the animal lived for such a long time with a puta-
tively cp BVDV recombinant without developing MD,
when the disease can be induced experimentally within
2–3 weeks after superinfection with a homologous cp
virus (Bolin et al., 1985; Brownlie et al., 1984). There have
been reports of delayed development of MD, so-called
“late-onset MD,” after superinfection with a heterologous
cp BVDV (Fritzemeier et al., 1995, 1997; Loehr et al.,
1998), but our sequence analyses gave no indications
that Jasper suffered from this type of the disease. Most
likely the primary recombinant was simply not able to
induce MD. Along those lines the question why the
proposed first recombinant containing LC3* integrated
into the NS2-3 gene without any duplication of viral
sequences has not been found in our analyses must be
discussed. In theory, a virus with such a genome struc-
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ruses isolated so far from Jasper. Thus, if the idea of the
initial recombinant were true, this virus must have had an
unknown disadvantage so that it not only was unable to
induce MD but even disappeared or was represented in
the material only in very low amounts. Experiments con-
ducted with an infectious clone have shown that a viral
genome mimicking the hypothetical primary recombinant
by containing LC3* but no duplication is dependent on a
helper virus to generate infectious progeny viruses.
When a helper virus is present such a construct induces
cell lysis as expected (Meyers et al., 1998). The ability to
replicate without helper virus could be necessary to
induce MD and/or represent a considerable selective
advantage of the secondary recombinants, allowing
them to compete the first cp variant out. The defective
viruses that we have found are of course dependent on
a helper virus but their shortened genome should allow
quicker replication and thus be advantageous, too.
The genome of JaCP represents the first BVDV RNA for
which the presence of an LC3-coding sequence has
been identified. However, the genome structure with a
cellular insertion preceded by a stretch of the NS2-
coding sequence and flanked by large duplications has
been described before. The respective RNAs contained
other types of cellular insertions coding for ubiquitin or
the ubiquitin-like protein NEDD8 (Baroth et al., 2000; Qi
et al., 1992). Considering the recombination mechanism
outlined above these viral genomes probably also rep-
resent secondary recombinants. In addition, some of the
recently described defective viruses with ubiquitin-cod-
ing sequences (Becher et al., 1999) contain the typical
marker of a putative secondary or tertiary recombinant,
namely the basic structure composed of a sequence
usually located downstream of the NS3 gene, a short
fragment of the NS2 gene, and a cellular insertion fol-
lowed by the NS3 gene. Thus, the process of trimming a
primary recombinant by secondary recombination is
most likely not a unique phenomenon restricted to the
animal Jasper but could occur rather frequently. The
driving force for this process is apparently the selection
of better cp viruses with significant advantages for rep-
lication in the animal. In the future, material derived from
animals that develop MD will have to be analyzed more
carefully with regard to the presence of multiple cp
viruses. It looks as if the complicated story of MD devel-
opment is even more complicated than it seemed before.
MATERIALS AND METHODS
Cells and viruses
MDBK cells and BVDV isolate NADL were obtained
from the American Type Culture Collection (Rockville,
MD). The different cp BVDV described in the text have
been isolated from the serum of the castrated steer
Jasper, who had come down with mucosal disease
(Gunn and Weavers, 1992). The viruses were clonedtwice by plaque purification. MDBK cells were grown in
DMEM supplemented with 10% fetal calf serum and
nonessential amino acids.
Infection of cells
Since pestiviruses tend to be associated with the host
cells, suspensions composed of cell culture supernatant
and infected cell lysate were used for infection of culture
cells. Material for infection was prepared by freezing and
thawing cultures 48 h postinfection and was stored at
270°C. If not specified in the text, a multiplicity of infec-
tion of about 0.1 was used. Infection with noncp BVDV
was detected by immunofluorescence with a bovine hy-
perimmune serum or a set of monoclonal antibodies
(Weilland et al., 1989).
cDNA synthesis, cloning, and nucleotide sequencing
A cDNA library in Lambda ZAP II (Stratagene, Heidel-
berg, Germany) was established as described before
(Meyers et al., 1991). Briefly, total RNA of cells infected
with the primary virus isolate derived from the serum of
Jasper (second tissue culture passage) was used for
cDNA synthesis primed with oligonucleotides OI-
BVDV13, OI-BVDV14, and OI-Pes9 (Meyers et al., 1991).
Second-strand synthesis and ligation of EcoRI adaptors
was done with the You Prime cDNA synthesis Kit as
suggested by the supplier (Pharmacia, Freiburg, Ger-
many). Size selection of double-stranded cDNA for mol-
ecules larger than 2 kb was done by preparative agarose
gel electrophoresis as previously described (Meyers et
al., 1991). Ligation of cDNA fragments with Lambda ZAP
II DNA, packaging with Gigapack III-Gold, and plating on
Escherichia coli XL-Blue1 cells were done as recom-
mended by the manufacturer (Stratagene). Screening
was done with the cDNA insert of clone NCII.1 (Meyers et
al., 1991), which was labeled by nick translation (Nick
Translation Kit; Amersham and Buchler, Brunswick, Ger-
many). Subcloning of cDNA fragments into pBluescript
plasmids by in vivo excision was performed as recom-
mended by the supplier (Stratagene). Exonucleases III
and S1 were used to establish deletion libraries of cDNA
clones (Hennikoff, 1987). In addition, BVDV-specific oli-
gonucleotides were used for sequencing. Dideoxy se-
quencing (Sanger et al., 1977) of double-stranded DNA
templates was carried out using the T7 sequencing kit
(Pharmacia). Part of the sequences was determined with
the Big Dye Terminator Cycle Sequencing Kit (Perkin–
Elmer Applied Biosystems, Weiterstadt, Germany) and
analyzed with an ABI Prism 377 DNA sequencer (Perkin–
Elmer Applied Biosystems). Computer analysis of se-
quence data was performed with the Genetics Computer
Group software (Devereux et al., 1984).
RT-PCR
RNA prepared from cells infected with the different
virus isolates and analysis using Northern blots was
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further investigate the genome organization of the vi-
ruses RT-PCR was conducted with primer pairs OI-B32II/
OI-JasIns1, OI-BVDV32/OI-JasIns1, OI-B19II/OI-B22.1R, or
OI-JasIns2/OI-B22.1R. Reverse transcription of 2 mg heat-
denatured RNA (3 min 94°C, 10 min 8°C in 11.5 ml of
water in the presence of 30 pmol reverse primer) was
done after addition of 8 ml RT mix (125 mM Tris/HCl, pH
8.3, 182.5 mM KCl, 7.5 mM MgCl2, 25 mM dithiothreitol,
1.25 mM each dATP, dTTP, dCTP, dGTP), 15 units of
RNAguard (Pharmacia, Freiburg, Germany), and 50 units
of Superscript (Life Technologies BRL, Eggenstein, Ger-
many) for 45 min at 37°C. The tubes were placed on ice
and 30 ml of PCR mix [8.3 mM Tris/HCl, pH 8.3; 33.3 mM
KCl; 2.2 mM MgCl2; 0.42 mM each dATP, dTTP, dCTP,
dGTP; 0.17% Triton X-100; 0.03% bovine serum albumin; 5
U of Taq polymerase (QBiogene, Heidelberg, Germany)]
was added. Amplification was carried out in 35 cycles
(30 s 94°C, 30 s 55°C, 60 s 72°C). Following the last
cycle, the samples were incubated for 10 min at 68°C.
Alternatively, amplification was carried out with the Titan
One Tube RT-PCR Kit as recommended by the supplier
(Roche Molecular Biochemicals, Mannheim, Germany).
Application conditions were 9 cycles of 30 s at 94°C, 30 s
at 52°C, 90 s at 68°C and 25 cycles of 30 s at 94°C, 30 s
at 52°C, 45 s at 68°C, with an increase of 5 s per cycle
for the incubation at 68°C. Cycling was followed by 7 min
incubation at 68°C. Subsequently, the amplified cDNA
was directly sequenced with an automated sequencer
as described above.
For detection of the viral genome in serum samples
RNA was prepared from 100 ml of serum using the
TriFast reagent according to the protocol proposed by
the supplier (Peqlab Biotechnology, Erlangen, Germany).
Two micrograms of the purified RNA was used for RT-
PCR with the Qiagen One-Step RT-PCR Kit (Qiagen,
Hilden, Germany). Reverse transcription was carried out
at 50°C for 30 min. Thereafter, the RNA/DNA hybrid was
denatured at 95°C for 15 min and the DNA amplified in
39 cycles (30 s 94°C, 30 s 53°C, 60 s 72°C). Thirty
picomoles of primers OI-JasIns2 and OI-B22.1R was used
for the amplification reaction.
Two microliters of the RT-PCR products was used as
template for the nested PCR that was conducted with
Taq polymerase (QBiogene) in Taq polymerase buffer
supplied with the enzyme and supplemented with dNTP
(0.2 mM final concentration) and 32.5 pmol of primers
OI-LCSIV and Ol-Jas/Jf. The PCR mix was heated to 95°C
for 2 min followed by 30 cycles of amplification (40 s
95°C, 40 s 56°C, 50 s 72°C) and a final incubation at
72°C (5 min).
Oligonucleotides and primers
Oligonucleotides used for RT-PCR were OI-BVDV32,
AAATCTCTGCTGTACATGGCACATG; OI-B19II, CAAATGGC-
AGATGGTGTATA; OI-B32II, CCAAGTCCCTGTGCTGTTCCC;OI-B22.1R, GTTGACATGGCATTTTTCGTG; OI-JasIns1, GGG-
ATTTTGGTAGGATGC; and OI-JasIns2, GTAGAAGATGTC-
CGACT. Nested-PCR primers were upstream, OI-LSIV,
GGGGGATCCTAAGGCAGCATCCTACCAAAA, and down-
stream, OI-Jas/Jf, CTGTGATCTTCTTACACACGG.
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Note added in proof. cINS was recently found to represent part of a
cellular chaperone gene (Rinck, G., Birghan, C., Harada, T., Meyers, G.,
Thiel, H.-J., and Tautz, N. (2001). A cellular j-domain protein modulates
polyprotein processing and cytopathogenicity of a pestivirus. J. Virol.
75, 9470–9482).
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